We examine the jet structure in e+e annihilation from two processes: (a) the bremsstrahlung of a hard gluon and (b) the emission of a me'sori at wide angle via the constituent-interchange model (CIM). At centerof-.mass energies from 12 to 25 GeV, both processes, if present, are found to broaden the sharp transversemomentum damping of jets observed at SPEAR. At lower energies and large transverse, , momentum we find that the CIM process prevails. But by center-of-mass energies greater than 30 GeV the gluonic process should be dominant. We also examine the jet structure generated by the decay of a bound state of new heavy quarks into three gluons. Should such quarks (m & 5 GeV) exist, this bound state would provide an ideal place to look for gluon-induced jets. Other topics we have studied include (i) jet structure via the production of four quarks and (ii) different possible gluonic fragmentation functions. Jet structure in deep-.inelastic lepton-hadron scattering processes is also briefly considered. We conclude that e +e annihilation is probably the cleanest place to search for gluonic structure, whose existence would be striking evidence in favor of quantum chromodynamics (QCD). On the other hand, the absence of such structure would necessitate a reexamination of our intuitive understanding of QCD and a serious consideration of other fieldtheoretical hadronic models, e.g., the quark-confining string, which, unlike QCD, does not possess gluonic degrees of freedom.
I. INTRODUCTION One of the most striking discoveries which has emerged from the study of electron-positron annihilation at SPEAR' is the observation that at center-of-mass energies greater than 5 GeV, hadrons are produced predominantly in back-to-back bursts, called jets. These jets are characterized by three distinct signals: first, the transverse momentum of hadroris in the jet relative to the jet axis is sharply cut off on a scale of a few hundred MeV. Second, the distribution of hadrons in the jet longitudinal to the jet axis is a function only of the fraction of the jet momentum carried by the hadrons, and depends only weakly on the absolute center-of-mass energy of the electron-positron system; and finally, the distribution of jets relative to the axis of the incoming electron and positron momentum is, to good accuracy, 1+ cos'8, where 0 is the angle between the j.et and that axis.
These observations are most simply explained by the parton picture' of hadron substructure: e+e annihilation into hadrons proceeds via e'e annihilation into a quark-antiquark pair. At short distances, the quarks behave as if they were free; the 1+ cos'~a ngular distribution which is observed is characteristic of e'e annihilation into a pair of spinors. At long distances, quarks are confined and hence must fragment into hadrons. This conclusion is bolstered by the earlier observation that the ratio of cross sections o(e'e -hadrons)/ o(e'e" -p, 'p, ) is roughly a constant which changes only when the threshold for producing new quanturn numbers (or hadrons containing new flavors of quarks) is crossed.
In recent years, the parton model has found an elegant realization in quantum chromodynamics (QCD) The key qualitative difference between QCD and the QCS is the absence of gluonic degrees of freedom iri the latter. One may consider the QCS as a phenomenological model of QCD, so that it can' be used to study the sector of hadron physics where gluonic degrees of freedom do not play any major role but where confinement effects are important. Since it is very difficult to calculate nonperturbative properties of QCD, the QCS provides a very handy tool for calculating various hadronic properties such as spectroscopy. For the sake of compariSon, we shall take the QCS to be a phenomenological but complete working model in its own right (see Fig. 1 ).
Since QCD possesses gluonic degrees of freedom' and the QCS does not, a comparison of these models with experiments will sharpen effects of the existence or absence of gluonic structure. At present, the existence of gluons is often inferred from two experimental observations. The first is Bjorken scaling. Since QCD is asymptotically free, the proton's constituents admit to a parton interpretation in the deep-inelastic region. . In the QCS, one also expects a parton picture to emerge; the quark-quark potential is linear, hence vanishing at short distances. The question of corrections to scaling is more difficult. Scaling seems not to be exact at the highest Q', v yet measured; both QCD and the QCS may be consistent with scaling violations. In the former case these violations arise from pieces of various gluon-exchange graphs, calculated via the: renormalization group. ' In the latter case it is possible that scaling is broken by the quantum fluctuations of the string. Since the string is quite rigid (vibrational energies are greater th.an radial or rotational energies'), these corrections to scaling in the QCS are probably small. We Fig. 2(b , HP"PJ., I.P"P,)..
Introducing the variables Fig. 4 for the gluon fragmentation function set equal to f(x), and in Fig. 5 for g(x) given by Eqs. (2.1Sa) and (2. 1Sb). We when we study the production of four jets.
In Fig. 6 we plot the angular distribution of the 
where the photon-scalar-field coupling is used instead of the photon -spinor-field coupling for the quark-photon vertex. Since 02+k, is the four-momentum of the meson, it is most convenient to in-
and integrate over k2 and k, . For our purposes, the quark mass p, and the meson mass m are both negligible. Using the formula s "= (P, + P, )' = Q'(1 -x,), s"= (P, +P, )'=Q'(1-x, ). 
( 3 8) where we have introduced (Fig. 8) process. The inclusive cross section (1/o")do/ dp, with respect to the jet axis is plotted in Fig.   12 . T' he slowness of the approach to scaling in the region Q~3 2 GeV is due to our kinematic cuts s, &, s,»&10 GeV'. We repeat that this is the lower bound of the four-jet process, since processes of Fig. 10(b) where I', is the total width.
We may perform the usual jet-finding analysis which was applied to the three-jet events of Secs. 'II and III to the decays of these bound states. In Fig. 13 we graph the distribution (1/I, )dI'/dx, of hadrons about the jet axis, using the two gluon fragmentation functions (2.12) and (2. 13).
In Fig. 14 we plot the cross section dI'/dQ, dQ, of the three gluons in their plane.
In the quark-confining string, the hadronic decays of the new resonance take place as shown in Fig. 15 . The Zweig-Okubo-Iizuka rule is explicit in this diagrammatic form; in Fig. 15(a) , the decay goes via a closed string, which resembles a virtual photon, in the sense that such a closed where the charge of the new. quark is q"m is the mass of the quark and $ (0) So far we have considered the j et structure in e'e annihilation. As is obvious, a similar jet structure is expected in deep-inelastic electroproduction. In this secti.on we briefly compare the broadening of jet structure in deep-inelastic lepton-proton scattering due to gluon or pion emission to that expected in e'e annihilation. ' The lowest-order process l" +P -l +@+Xpro-ceeds via the collision of a virtual photon with one of the quarks in the proton, followed by the scaleinvariant fragmentation of that quark into the finalstate hadron h [ Fig. 16(a) M is the mass of the proton, taken to be 1 GeV. Notice that the pi'oper normalization of (6.4) requires the use of 'scalar quarks for the deep-inelastic cross section itself. This is given by (6.6).
The subprocess for gluonic bremsstrahlung [Fig. 17(b) (1) There are no gluonic degrees of freedom.
(2) Any physical state I p) that has no quark modes in it will be annihilated by the Hamiltonian, H Ip) = 0. In particular, the spectrum of the QCS contains no quarkless states. where the leprtorn trace is L"" = 4 (q"q,j "= -.
4 (q, "q",+ q', q, " -q, ' q, g "") .
(al) (a2)
The hadron trace H""has terms proportional to q, ', q, ', and q,q, . It will be shown later that the q, qb terms do not contribute to the leading-logarithmic structure of the, cross section. 
Ps"= -2q, ql, [f""(l, 4, 2, 3)+ f", (4, 1, 3, 2) -f""(1, 4, 3, 2) -f""(4,1, 2, 3)], (B12) 
